Background: Epidemiologic studies examining circulating levels of inflammatory markers in relation to obesity and physical inactivity may aid in our understanding of the role of inflammation in obesity-related cancers. However, previous studies on this topic have focused on a limited set of markers.
Introduction
Low-grade inflammation plays an important role in the development and progression of numerous obesity-related chronic diseases, including type 2 diabetes and cardiovascular disease, and is a hypothesized mechanism in the development of some types of cancer (1) (2) (3) (4) . In obesity, proinflammatory cytokines, including TNFa and IL6, are secreted by adipocytes and macrophages in the adipose tissue and aid in the progression of insulin resistance (1) .
In recent epidemiologic studies, higher circulating levels of C-reactive protein (CRP) and IL6 were associated with obesity and physical inactivity (5) (6) (7) (8) (9) (10) , as well as elevated risks of certain obesity-related cancers (11) (12) (13) , suggesting that these and/or related inflammatory markers may play a mediating role in the associations between obesity, physical inactivity, and these cancers. However, due largely to sample requirements and cost restraints, most studies have focused on a limited number of inflammatory markers, which may not fully characterize the specific aspects of the inflammatory response that underlie the associations between obesity, physical inactivity, and obesity-related cancers (14) .
In the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, multiplex panels were used to measure a large number of inflammatory, immune, and metabolic markers. In a cross-sectional analysis, we evaluated body mass index (BMI) and vigorous physical activity level in relation to a broad range of markers (n ¼ 78) involved in the inflammatory response, including acute-phase proteins, chemokines, cytokines, peptide hormones, and soluble receptors, measured among more than 1,700 participants who were cancer-free at the time of blood draw.
Materials and Methods

Study population
The PLCO Cancer Screening Trial recruited approximately 155,000 55-to 74-year-old men and women from the general population between 1992 and 2001 (15) . In addition to demographic, behavioral, and dietary information, including self-reported measures of current and past height and weight and current frequency of vigorous physical activity, nonfasting blood samples were obtained at baseline and at 5 subsequent annual visits from participants in the screening arm. Cancer diagnoses were ascertained through annual questionnaires and confirmed by medical chart abstraction and death certificate review; in the screening arm, additional prostate, lung, colorectal, and ovarian cancers were identified as a result of clinical follow-up after a positive screening test. PLCO was approved by the Institutional Review Boards at each screening center and at the National Cancer Institute, and all participants gave informed consent.
We combined data from 3 nested case-control studies [i.e., studies of lung cancer, ovarian cancer, and nonHodgkin lymphoma (NHL)] that were previously conducted in the screening arm of the PLCO (16, 17) . Detailed information on the inclusion criteria, matching factors, and inflammatory markers measured in these nested case-control studies is presented in Table 1 . The lung cancer study included 526 cases matched to 592 controls, the NHL study included 301 cases matched to 301 controls, and the ovarian cancer study was limited to females and included 150 cases matched to 149 controls. For all 3 studies, inflammatory markers were measured from single blood samples collected at either baseline (lung cancer and NHL studies) or 2 or more years before diagnosis date in cases or referent diagnosis date in controls (ovarian cancer study). From 2,013 participants included in 1 or more of the 3 nested casecontrol studies, we excluded participants who did not report being non-Hispanic white (n ¼ 152), individuals with a personal history of cancer before randomization (n ¼ 31), and incomplete data on cigarette smoking (n ¼ 11), height and weight (n ¼ 21), and physical activity level (n ¼ 95), for a total of 1,703 unique individuals, all of whom were cancer-free at the time of blood draw. These individuals included 431 cases and 501 controls in the lung cancer study, 275 cases and 266 controls in the NHL study, and 120 cases and 110 controls in the ovarian cancer study.
Laboratory analysis
Serum specimens collected either at baseline or at a follow-up visit (processed at 1,200 Â g for 15 minutes, frozen within 2 hours of collection, stored at À70 C) were used to measure circulating levels of 86 markers, including 77 markers in the lung cancer study (using 370 mL), 60 in the ovarian cancer study (using 290 mL), and 83 in the NHL study (using 425 mL). For a list of markers by casecontrol study and by marker panel, see Tables 1 and 2 . These markers were selected on the basis of a recent methodologic study that evaluated the performance and reproducibility of multiplexed assays for measurement of inflammation markers in serum/plasma (18) . Markers were measured using Luminex bead-based assays (EMD Millipore), as previously described (16) (17) (18) . Concentrations were calculated using either a 4-or 5-parameter standard curve. Serum samples were assayed in duplicate and averaged to calculate concentrations. Blinded duplicates in the lung and NHL studies and duplicate measurements on study subjects in the ovary study were used to evaluate assay reproducibility through coefficients of variation (CV) and intraclass correlation coefficients (ICC) calculated on log-transformed values of the markers. ICCs were >0.8 in 91% of the markers in the lung and NHL studies and in 78% of the markers in the ovarian cancer study. Eight markers with >90% of values below the lowest limit of detection (LLOD) were excluded from all analyses, resulting in 78 evaluable markers.
Statistical analysis
As shown in Table 1 , the inclusion and matching criteria, as well as the number of markers measured, differed across the nested case-control studies. To combine data from these studies, we accounted for these differences and made our analysis as representative as possible of the entire non-Hispanic white PLCO screening arm from Excluded from the analysis due to poor performance (>90% below the LLOD).
which the case and control participants were sampled (as demonstrated in Table 3 ) by developing sets of propensity score adjusted sampling weights for each participant (19, 20) . The sampling weights allowed us to include all participants with marker data (including cancer cases; see Supplementary Methods for details). Because markers were either measured in all 3 studies, in combinations of 2 studies, or the lung cancer study only, multistudy weights were used in analyses of these markers. To calculate the multistudy weights, screening arm participants who met the eligibility criteria of the combined dataset (i.e., completed the baseline questionnaire, gave biochemical consent, non-Hispanic white, no personal history of any cancer before randomization, and complete smoking history) were included in logistic regression models to estimate the probability of being selected into one of the case-control studies, including terms for age group (<59, 60-64, 65-69, !70 years), smoking history [i.e., smoking status, years since quit (<15, !15), and packyears (<30, !30)], and vital status on December 31, 2009.
As such, cases were given much lower weights than controls (Table 3) . Models were estimated separately by case-control status, study, and sex. Study-specific weights were then combined for each of the 5 combinations of case-control studies with a common subset of panels (all 3 studies; lung and NHL, lung and ovary, NHL and ovary, and lung alone). These sampling weights are used in logistic regression models for each marker regressed on BMI, physical activity, and other confounders (including age, sex, and study to provide extra control for studyspecific selection factors). Simulations suggest that analyses using both weighting methods and additional regression adjustment for matching factors provide a good way to adjust for nonrepresentative sampling in nested casecontrol studies (21) . Inflammatory markers were grouped into study-specific categories according to the proportion below the LLOD: <25% (quartiles), 25%-49% (undetectable and tertiles), 50%-74% (undetectable, below median, and above median for detected), and >75%-90% (undetectable and 2 ), we combined data from the underweight and normal weight categories for the analysis. Participants were asked to report at baseline how many hours they spent in vigorous activities, such as swimming, brisk walking, etc., and were given the following options: none, <1, 1, 2, 3, or !4 h/wk. From these responses, we defined low, medium, and high levels of vigorous physical activity as <1, 1-2, and !3 h/wk, respectively.
ORs and 95% confidence intervals (CI) comparing the highest with lowest category for each inflammatory marker (dependent variable) with BMI and physical activity were calculated using weighted logistic regression models adjusted for age, sex, cigarette smoking, and case-control study. Models for BMI were additionally adjusted for physical activity and vice versa. P values from logistic regression models were based on the Wald test corresponding to the OR for the highest versus lowest inflammatory marker level. P trend across categories of physical activity were based on the Wald test, treating physical activity as an ordinal variable. Tests for multiplicative interaction of sex and smoking on associations between BMI, physical activity, and marker levels, as well as interactions between BMI and physical activity on marker levels, were conducted by including a crossproduct term in the models. To account for multiple comparisons, we identified all markers where the false discovery rate (FDR) was less than 5%.
Results
The distribution of select demographic and behavioral characteristics of the participants in the study sample, before and after weighting to the PLCO screening arm, and all eligible participants in the PLCO screening arm are shown in Table 3 . Compared with the entire PLCO screening arm, the study sample was generally older and included higher proportions of men (55% vs. 51%) and current smokers (22% vs. 10%) and slightly fewer individuals with BMI in the obesity range (20% vs. 24%). The distributions of these factors were similar between the study sample weighted to the PLCO screening arm and the entire PLCO screening arm.
Associations between BMI (per 5 kg/m 2 ) and the highest versus lowest levels of all 78 markers are shown in Table 4 . After accounting for multiple comparisons using FDR, BMI was significantly associated with 12 markers (CRP, CCL2/MCP-1, CCL13/MCP-4, CCL19/ MIP-3b, CXCL5/ENA-78, CXCL6/GCP2, CXCL10/ IP-10, amylin, C-peptide, insulin, leptin, and sTNFRII; Fig. 1 ). Five of these markers (CCL19/MIP-3b, CXCL10/ IP-10, C-peptide, insulin, and leptin) remained statistically significant after applying the more stringent Bonferroni correction. Higher levels of these markers were associated with greater BMI, with ORs ranging from 1.50 for CCL2/MCP-1 to 50.03 for leptin. To aid in evaluating the independence of these associations, the correlation structure of the markers among controls, by study, is shown in Supplementary Table S1a-S1c. On the basis of the controls in the NHL study, restricting to marker levels above the lower level of detection, correlations were generally weak (r 0 Table S2 ) and by case-control study (Supplementary Table S3 ) and were not significantly modified by sex or physical activity level (P interactions > 0.05). Furthermore, the magnitudes of the associations did not change importantly (e.g., <10% changes) after excluding lung cancer, NHL, or ovarian cancer cases from the models or after additional adjustment for self-reported history of diabetes (yes, no, missing). Similar findings were observed when using an ordered logistic model as opposed to a multinomial logistic regression model. We observed a significant interaction between BMI and smoking status on the association with insulin (P interaction ¼ 0.03), with stronger association for current (OR, 7.57; 95% CI, 1.22-47.04) and never (OR, 5.30; 95% CI, 2.38-11.82) than for former (OR, 3.94; 95% CI, 1.88-8.28) smokers.
Associations between vigorous physical activity and levels of all 78 markers are shown in Table 5 . Only CXCL12/SDF-1a remained significant after correcting for multiple comparisons using the FDR method (OR, 3.28; 95% CI, 1.55-6.94) when those who reported vigorous physical activity of 3 or more hours per week were compared with those who reported no vigorous physical activity.
Discussion
We found that after FDR correction for multiple comparisons, BMI was independently associated with 12 markers involved in the inflammatory response, including acute-phase proteins, peptide hormones, chemokines, cytokines, and soluble receptors. Only CXCL12/SDF-1a was independently associated with vigorous physical activity in this analysis. Our findings support broad effects of adiposity on inflammation and immunity and identify specific markers for future studies of obesity-related cancers.
The connection between obesity and chronic, low-grade inflammation, characterized by elevated levels of adipokines (e.g., leptin), proinflammatory cytokines (e.g., TNFa and IL6), acute-phase reactant proteins (e.g., CRP), markers of insulin resistance (e.g., insulin and C-peptide), and chemoattractant proteins (e.g., CCL2/MCP-1) in adipose tissue is well-established on the basis of the results of mechanistic studies (3) . Similarly, previous epidemiologic studies have observed elevated circulating levels of the inflammatory markers leptin, CRP, TNFa, and IL-6 associated with greater BMI and waist circumference (5, 6, 8, 22) , as well as visceral adipose tissue (6). Our results, particularly those for leptin, insulin, C-peptide, CRP, and CCL2/MCP-1, were consistent with these observations. Although less well-studied, other associations that we observed in relation to BMI, including sTNFRII (5, 23) and amylin (24) , were in the expected direction, as was the nonsignificant inverse association we observed between physical activity level and CRP (8, 10) . Our results confirmed those observed in the Women's Health Study cohort, in which CRP was more strongly positively associated with BMI compared with physical activity level (8) . BMI was associated with several additional markers that were not independently associated with physical activity level (e.g., C-peptide, insulin, leptin, CCL15/ MIP-1d, CCL19/MIP-3b, CXCL11/I-TAC, and sTNFRI). Although the differences in associations we observed for BMI and physical activity may reflect differences in inflammatory mechanisms, less accurate reporting of physical activity compared with height and weight may partially explain the weaker associations that we observed for physical activity (25) . We also have incomplete information on total physical activity level, as the baseline questionnaire only elicited information on vigorous physical activity and did not inquire about light-to-moderate intensity physical activity, which may also contribute, independently or in combination with vigorous physical activity, to inflammatory marker levels. Our results showing that established obesity and/or physical inactivity-related markers were in the expected direction and magnitude indicates that the multiplex immune marker panels performed well in comparison with singleplex assays used in other studies. This provides reassurance regarding the more novel findings of our study, particularly those for several chemokines. To our knowledge, no previous epidemiologic study has examined the associations for BMI or physical activity with the chemokines evaluated in the current study. However, recent mechanistic studies indicate that numerous chemokines, including CCL3/MIP-1a, CCL5/ RANTES, CCL7/MCP-3, CCL19/MIP-3b, CXCL1/KC, CXCL5/ENA-78, CXCL8/IL-8, CXCL10/IP-10, and the well-studied CCL2/MCP-1 (3) , are expressed in adipose tissue under obesity-associated chronic inflammation and that these chemokines may work in concert to promote macrophage infiltration into adipose tissue and subsequent insulin resistance (26) . Expression of these chemokines appears to be induced by TNFa stimulation in adipose tissue and regulated by NF-kB (25) . Similarly, we found that BMI was associated with a number of chemokines (e.g., CCL2/MCP-1, CCL13/ MCP-4, CCL19/MIP-3b, CCL22/MDC, CXCL5/ENA-78, CXCL6/GCP2, and CXCL10/IP-10). These associations appeared to be independent due to the low correlations between these markers. CXCL12/SDF-1a, which was associated with vigorous physical activity in the current analysis, has also been inversely associated with blood glucose and peripheral insulin resistance (27) . These potentially novel BMI-and physical activity-associated markers require confirmation in future epidemiologic studies, but, if confirmed, these markers could be considered along with those that have been established in future efforts to evaluate associations with obesity-related cancers and to evaluate underlying mechanisms in laboratory-based studies.
In a few instances, we did not observe expected associations. This is exemplified by IL6 and IL1Ra, where the previous literature has consistently reported associations with greater adiposity and/or physical activity (6, 10, 28) , but these associations were not observed in the current study. The fact that we did not observe associations for these 2 markers suggests that the sensitivity of the multiplex assays to detect IL6 and IL1Ra levels (with 29% and 22% above the LLOD, respectively) was low compared with individual ELISAs, as has been noted elsewhere (17) . These findings may help investigators choose the best ORs were estimated using logistic regression models and represent the association between highest versus lowest level of a specific inflammation marker in relation to BMI. All models adjusted for age (continuous), sex, cigarette smoking status (never, former, current), case-control study of origin (lung, NHL, ovary), and physical activity level (<1, 1-2, !3 h/wk). Markers shown are the ones that remained statistically significantly associated with BMI after correction for multiple comparisons.
platform for measuring inflammatory markers for epidemiologic studies.
The results of this study could be used to help determine the pathways involved in obesity-related inflammation that are relevant to the development of obesity-related cancers. Few epidemiologic studies to date have evaluated prediagnostic, circulating levels of the inflammation-related markers examined in the current study with risk of obesity-related malignancies, including endometrial, postmenopausal breast, pancreatic, and colorectal -13, 29-34) . In contrast to individual ELISAs, the multiplex panel methods used to measure the markers in the current study relied on relatively small volumes of serum (maximum 400 mL). However, as it may be cost-prohibitive to measure the wide range of markers examined in the current study, researchers planning to prospectively evaluate levels of inflammatory markers in relation to obesity-related cancers could select promising markers based on the results of the current study.
The main strengths of our study included the comprehensive investigation of the relationship between BMI and physical activity and circulating immune-and inflammation-related markers measured using a well-characterized technology and a novel 2-stage design to re-weight analyses to the screening arm of the population-based PLCO cohort. In addition, we were able to control for confounding by other factors that may be associated with these markers, such as cigarette smoking. There were also some limitations. We relied on BMI as a measure of total adiposity, which does not distinguish lean from fat body mass, and we did not have complete information on total physical activity level, only vigorous-intensity activity. Also, because height, weight, and physical activity were self-reported at one point in time, measurement error in these values may have attenuated the associations we observed. Because PLCO recruited only individuals between 55 and 74 years of age, our results may not generalize to other age groups. We had no information on fasting status or time of day of blood draw and thus could not evaluate the influence of these factors on circulating marker levels. Finally, participants were not randomly sampled but were selected because of their inclusion in 1 of 3 prospective nested cancer case-control studies. Nonetheless, the weighting methods applied in our study adjusted for potential biases due to nonrepresentative sampling from the source population (i.e., the non-Hispanic white screening arm of the PLCO study).
In summary, we found in this cross-sectional study that BMI was associated with a wide range of circulating inflammatory, immune, and metabolic markers. Many of the associations we observed were in line with previous epidemiologic and mechanistic studies, whereas others were novel. These markers represent candidates for use in future epidemiologic studies designed to evaluate the extent to which inflammatory markers or marker pathways contribute to obesity and the risk of obesity-related cancers. Such studies could provide information on the biologic mechanisms underlying these associations and subsequently identify specific potential targets for prevention.
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